Photon-number resolving (PNR) single-photon detectors are of interest for a wide range of applications in the emerging field of photon based quantum technologies. Especially photonic integrated circuits will pave the way for a high complexity and ease of use of quantum photonics. Superconducting nanowire single-photon detectors (SNSPDs) are of special interest since they combine a high detection efficiency and a high timing accuracy with a high count rate and they can be configured as PNR-SNSPDs.
I. INTRODUCTION
Photon-number resolving (PNR) single-photon detectors allow the direct characterization of photon number (PN) states of an arbitrary photon source [1] and the direct measurement of a photon-number correlation which can be used for quantum enhanced metrology [2] or for quantum optical communication [3] . Random numbers for quantum cryptography can be generated using a PNR detector [4] . PNR detectors with 4-photon resolution are a necessary element for linear-optical quantum computation (LOQC) as proposed by Knill, Laflamme, and Milburn [5] .
Integrated quantum photonic circuits are the next natural step to increase the complexity and ease of use of quantum photonic circuits [6] . The realization of a fully integrated Hanbury Brown and Twiss (HBT) [7] experiment on the single-photon level has recently been demonstrated on GaAs [8] as logic photonic building block. This allows the investigation of the not normalized 1st (brightness) and the normalized 2nd order correlation (two-photon correlation) of the integrated single-photon source [9] by the use of a 50/50 beam splitter in combination with two singlephoton detectors allowing to characterize the single-photon character of emission. The same results can be achieved using just a waveguide in combination with a PNR detector with at least 2-photon resolution, recording two-photon detection events. This allows for a significant reduction in the circuit complexity of a quantum photonic circuit and simplifies the measurement: the multi-photon character has not to be evaluated in a time correlated measurement but can be measured directly. The combination of two 2-photon resolving detectors with two splitters and a delay line is enough for the simultaneous full characterization of a single-photon state including its indistinguishably [10] . This shows that PNR-detectors allow for a reduction of the number of circuit elements and will simplify the fabrication and use of a quantum photonic integrated circuit.
An ideal detector for quantum photonics should have a high detection efficiency, a good timing resolution, sufficient count rate and should be easy to fabricate and operate. Superconducting nanowire single-photon detectors (SNSPDs) can be designed to have close to unity detection efficiency [11] - [13] and can be fabricated out of a single superconducting layer. SNSPD can reach up to GHz count rates and timing jitters in the ps range [14] , [15] , but are click/no-click detectors without intrinsic energy and PNR. PNR capability for SNSPD can be achieved by amplitude multiplexing. In this case only one readout and biasing line for each detector is needed and they can be used with a standard SNSPD setup. Amplitude multiplexing can be realized by dividing the detector into several sections by placing resistors in parallel to series nanowires Right: close up of the nanowire, pixels are colorized individually.
[16]- [20] resulting in an output pulse with an amplitude related to the number of triggered elements. PNR-SNSPDs based on series nanowires on the other hand have been shown to be able to operate over a high dynamic range of photons [19] , [20] . Furthermore their waveguide integration on GaAs has been demonstrated [21] . However, series PNR-SNSPDs have only been demonstrated so far in fiber coupled setups at temperatures below 2.1 K at a wavelength of 1310 nm [16] - [20] . Free space optical setups offer easier access to the sample and allow for fast setup modifications. Free space accessible helium flow cryostats operating at 4 K are widely used in the photonic community for quantum dot (QD) single-photon sources. The demonstration of a series PNR-SNSPD at 4 K in a free space cryostat and the demonstration of such a detector distinguishing a Poissonian from a sub-Poissonian light source remains elusive. In this work, we present a series PNR-SNSPD in a design suitable for waveguide integration. We prove the single-photon operation of the device at 4 K in a free space cryostat and demonstrate the PNR capability at λ =900 nm. Finally, we demonstrate the capability of our PNR-SNSPD to reveal the sub-Poissonian statistic of a QD light source.
II. DESIGN AND FABRICATION
A principle scheme of the electrical circuit of a four-pixel series PNR-SNSPD is shown in Figure 1a . The photon detection mechanism of PNR-SNSPD is identical to standard single-pixel SNSPDs: an absorbed photon with assistance of applied current, I bias , slightly smaller than the critical current I C causes the formation of a resistive region across the nanowire. However, in case of PNR-SNSPD, the bias current is diverted from the ignited pixel to the adjacent parallel resistor, R P , thus resulting in a voltage pulse ≈ I bias · R P . While, after the detection event, the arXiv-PREPRINT triggered pixel remains insensitive until it returns into superconducting state, all other pixels are fully biased and still able to detect photons. If several photons (N ph ) are absorbed in the detector simultaneously, each in different pixels, the current is redistributed to the correspondent resistors and thus an output pulse is proportional to the number of absorbed photons, ≈ N ph · I bias · R P .
To allow 4 K operation, the SNSPD is made from NbN thin film. GaAs was chosen as a substrate, since it allows for the monolithic integration of all necessary photonic elements for an integrated quantum photonic chip [8] . The growth of high quality NbN films on GaAs is (these photons are of energy typical for emission of resonantly excited In(Ga)As/GaAs quantum dots [8] , [23] - [25] ) were selected from radiation of a thermal halogen light source using a monochromator with a spectral resolution of 10 nm. The bias current dependence of count rate (Fig. 2c) of the studied PNR-SNSPD starts to flat out at bias currents > 0.85I C indicating a high intrinsic detection efficiency of the detector. At I bias > 0.95I C the count rate is determined by dark counts and relaxation oscillations [26] .
IV. PHOTON NUMBER RESOLVING
The PNR capability was investigated with a Poissonian light source: a pulsed Ti:Sapphire laser at a wavelength of 900 nm, pulse length of 3.6 ps and a pulse repetition frequency (PRF)
of 76 MHz in combination with a variable attenuator. The detector was biased at 0.9I C to ensure stable and low noise operation (Figure 2c ). The count rate was investigated in dependence on the threshold voltage of the counting electronic at a mean PN per pulse of µ = 0.53 (Figure 3a red ).
All rising edges that exceed the specific threshold voltage are counted. The dependence shows a noise peak at 50 mV followed by four flat equidistant regions (∆V ≈ 250 mV). The existence of four flat regions demonstrates the operation of all pixels and four photon levels of the detector:
The flat region 1 (blue) corresponds to the detection of more than one (≥ 1), region 2 (green) of an increase of µ the probability for higher PN detector responses increases: the experimental PN response of the detector is proportional to the input power. To evaluate the fidelity of our detector we compared the measured PN distribution with the theoretically expected photon statistic. The probability P N η (n|µ) of detecting n photons from an optical pulse out of a light source with a Poissonian statistic with an mean number of photons per pulse µ using an N-element detector with detection efficiency η is described by [27] [28] :
This statistic is only valid for a uniform detector with an identical efficiency of all pixels. We fitted our measured experimental PN distribution with the theoretical distribution P N η (n|µ) using η as a free fit parameter.
The fit closely approximates the experimental results by the theoretical distribution for a small µ (Figure 4a ). For an increasing µ a deviation of the fit from the experimental data is visible.
All η extracted out of the fit of P resembles the Poissonian statistic of the laser for a small µ and furthermore that the efficiency of all pixels is identical. For µ larger than 5, η shows a significant scatter and the absolute deviation from is in the order of 20 %. A linear fit to all extracted η reveals a flat average η over the full investigated photon range of µ at 22.7 ± 3.0 % (Figure 4b ). This η is in good agreement with the relative distribution of count rates for flat regions in Figure 3a . A stable η indicates that the count rate of the detector is sufficient to resolve the PN distribution of a light source at a PRF = 76 MHz for a µ from 0.35 to 144 in contrast to the used readout. We assign the large scatter of η and the deviation of the experimental distribution from the fit at a µ > 5 to our readout chain: the merging of amplitude levels caused by a lift of the base level due to piling of pulses at the readout for a large µ, makes the Gaussian fit difficult and inaccurate for extracting the PN distribution. Nevertheless, we successfully demonstrated the accuracy of our measurement setup for µ ≤ 5. This is sufficient because quantum photonic circuits usually operate on a single-photon level and for LOQC the required photon number is ≤ 4 [5] .
V. POISSONIAN VS SUB-POISSONIAN LIGHT SOURCE
We evaluated the capability of our PNR-SNSPD to distinguishing a Poissonian from a subPoissonian light source. We compared the detector response to a pulsed laser (Poissonian light source) to the response to a pulsed QD (sub-Poissonian light source) on the 1-and 2-photon level.
We performed this experiment in a time-correlated measurement to further resolve the temporal characteristic of the light source. The detector was illuminated using a pulsed Ti:Sapphire laser and a resonantly excited In(Ga)As/GaAs QD. Details on the used QD and its excitation can be found in the supplementary material of [25] . To provide the best comparability we adjusted the arXiv-PREPRINT 9 laser emission to a wavelength (854 nm) and photon flux (≈ 1000 counts/second) comparable to the emission of the QD. The detector response was measured using a Picoquant HydraHarp TCSPC electronic using a trigger signal from the laser as time reference. The 1-and 2-photon levels of the detector where recorded simultaneously by using two input channels at different trigger levels. The measurement was performed at a bias level of 0.8I C to increase the signal to noise ratio of our measurement. Prior to evaluation the average noise level was subtracted from the data. The detector response to laser illumination (Figure 5a) [25] . This proves the suitability of our detector for discriminating a sub-Poissonian from a Poissonian light source.
VI. CONCLUSION
We demonstrated a photon-number resolving SNSPD suitable for waveguide integration on GaAs at a temperature of 4 K in a free space accessible cryostat. PNR resolution was demonstrated for 4 photons at 900 nm with a high statistical accuracy at photon rates below 5 photons/pulse with a detection efficiency of 22.7 ± 3.0 % at a pulse rate frequency of 76 MHz. This detection efficiency can be enhanced in future by the waveguide integration of our detector. The discrimination of a sub-Poissonian from a Poissonian light source was successfully demonstrated.
